Abstract In order to advance the research on suppressing tearing modes and driving plasma rotation, a DC power supply (PS) system has been developed for dynamic resonant magnetic perturbation (DRMP) coils and applied in the J-TEXT experiment. To enrich experimental phenomena in the J-TEXT tokamak, applying the circulating current four-quadrant operation mode in the DRMP DC PS system is proposed. By using the circulating current four-quadrant operation, DRMP coils can be smoothly controlled without the dead-time when the current polarity reverses. Essential circuit analysis, control optimization and simulation of desired scenarios have been performed for normal current. Relevant simulation and test results are also presented.
Introduction
In order to study plasma response to resonant magnetic perturbations (RMPs), four groups of in-vessel saddle coils have been successfully designed and installed symmetrically on the inner wall of the vacuum of the J-TEXT tokamak [1, 2] . The applied RMP has been used to study its effect on m/n = 2/1 tearing mode (TM), and the suppression of 2/1 TM, as has often been observed [3−7] . A related dynamic RMP (DRMP) DC power supply (PS) system has been developed and applied in the J-TEXT experiment. The DRMP DC PS system consists of two 6-pulse thyristor converters. The rated current is ±10 kA, and the power is up to 2500 kW [8] . So far, the non-circulating current four-quadrant operation is the operating mode of the DRMP DC PS system. In order to enrich experimental phenomena in the J-TEXT tokamak, the direction of the magnetic field induced by the current needs to be smoothly and rapidly changed. The circulating current four-quadrant operation mode, without dead-time control, is the best choice.
High-current four-quadrant rectifier PS has increasingly been widely applied to nuclear fusion tokamak devices. However, conventional control methods have several inevitable defects. A non-circulating current operational control mode has zero current measurement and a dead-time control setting. Moreover, zero current measurement is not easy in a high-current rectifier unit, and the dead-time control is not allowed in some cases. The traditional 12-pulse rectifier circulating current operation mode has many circulating current paths [9] . In order to solve these problems, numerous different operating modes have been proposed or applied in tokamak experiments [9−12] . For instance, in Refs. [9] [10] [11] , after the load current decays to the reference current value, the 6-pulse circulating current operation mode is adopted to reduce circulating current paths. A 12-pulse non-circulating current operating mode is applied to decrease the current harmonics. Particularly, in Ref. [10] , the dead-beat control method is applied to the current feedback control algorithm. Also, the non-interacting control method is adopted between coil current and circulating current among converters for smooth reversal of the coil current polarity. However, it is somewhat difficult for a 6-pulse circulating current four-quadrant operation in the DRMP DC PS system, in which the forward and reverse thyristor converters are connected to the same transformer. Two reactors with three terminals need to be fine designed to avoid short circuit between two thyristor converters. This paper is to introduce a new current control method of the DRMP DC PS system, which is organized as follows. In section 2, the circuit configuration within the DRMP DC PS system is briefly presented. Circuit analysis of the four-quadrant operation and current control is elucidated in section 3. In section 4, simulation and test results are presented. The effect of the circulating current is analyzed in section 5. Finally, conclusions are drawn in section 6.
2 Circuit configuration of DRMP DC PS system Fig. 1 shows the circuit configuration within the DRMP DC PS system. It consists of various electrical devices, including a 100 MW flywheel generator, high-voltage circuit breaker, rectifier transformer, 6-pulse thyristor converter, reactor, bypass switch and DRMP coil. The main parameters of them are shown in Table 1 . A protection system, cooling system and switching cabinet are also equipped in the DRMP DC PS system. The flywheel generator provides high power to the DRMP DC PS system to ensure a sufficient energy supply. The 6-pulse thyristor converter PS1 and PS2 can be operated simultaneously or separately. To increase the output current of the thyristor converter, each arm has three thyristors in-parallel. The DRMP DC PS system has four reactors, which play a role in smoothing current, reducing current harmonics and limiting dI/dt. Each group of the bypass switch consists of nine in-parallel forward thyristors and nine inparallel reverse thyristors, which would operate in case of abnormal faulty conditions. Because PS1 and PS2 have the same structure, PS1 will be taken as an example to conduct the circuit analysis. The main operation modes of the 6-pulse thyristor converter are shown in Table 2 . Among them, circulating current operation mode is necessary for smooth reversal of the coil current polarity. It is assumed that the direction of the coil current changes from negative to positive. When the coil current is higher than −900 A, the DRMP DC PS system is changed from Mode R to Mode C. If the coil current is higher than 900 A, it changes from Mode C to Mode F. If the direction of the coil current changes from positive to negative, the situation is similar to the above. The mode transition criteria are shown in Table 3 , and the operation mode transition is shown in Fig. 2 . A certain value, such as −900 A and 900 A, is the threshold level of transition between operation modes. Its selection is up to the scale of the circulating current and control accuracy of the sensor. If the circulating current is too high, the burden of thyristors and the power transformer will be increased. On the contrary, when the circulating current is too low, the control error is relatively large. For a Hall-effect sensor, current linearity and accuracy are excellent when the current is higher than 5% of the current range. So −900 A and 900 A are selected as the threshold levels. In order to change the direction of the coil current without dead-time, a zero crossing control method using the circulating current is applied to the DRMP DC PS system. The current waveform of a typical operation scenario in DRMP coils is shown in Fig. 3 . The initial current direction is set in the user interface before the DRMP DC PS system works. If the initial current direction is negative, Mode R is first performed. On the contrary, if the initial current direction is positive, Mode F is first performed. 
Current control
A digital controller based on the current feedback control algorithm is applied to the coil current control of the DRMP DC PS system. The PS has two identical current controllers. The control block diagram of the current controller is shown in Fig. 4 . For circulating current operation, the reference current I REF is obtained by calculating the current value from the preset current waveform in the user interface, and the other reference current I REF' is the coil current value at the beginning of circulating current operation. For example, in Fig. 3 , it is assumed that the initial current direction is negative. When the amplitude of the coil current is less than 900 A, the DRMP DC PS system is operating in a circulating current state. The reference current I REF' of the reverse thyristor converter is −900 A, and the reference current I REF of the forward thyristor converter is the preset current value plus 900 A. If the coil current is 0 A, the reference current I REF' of the reverse thyristor converter is the preset current value minus 900 A, and the reference current I REF of the forward thyristor converter is 900 A. For single converter operation, the gate block control is used to stop the gate pulses from being provided to the suspended converter. The control cycle of the current controller is a millisecond.
In order to obtain a quality current in agreement with the reference current, a conventional PI regulator is applied in this controller. A limiter with a maximum value of 0.96 and a minimum value of −0.707 is used to limit the firing angle. This current loop controller has a step limiter: the maximum change value of the firing angle in a control cycle. In order to obtain a stable coil current, a smaller value of the step limiter is good for reducing the current fluctuations. But for the dynamic response, a larger value of the step limiter will be suitable.
The current control algorithm is completed by QNX RTOS. Under the support of QNX RTOS, the Industrial Personal Computers (IPCs) can perform real-time control of the DRMP DC PSs. The I/O devices comprise PCI-1750, PCI-1720 and PCI-1713, supplied by Advantech Co., Ltd. The softwares of IPCs are application programs developed by the system. 
Simulation and test results
To verify that the circulating current control method is feasible, simulation analysis has been performed with computer models built using Simulink and Power System Blockset (PSB), both developed in MATLAB. In the simulation model, breakers, bypass switches and auxiliary equipment are removed, and several characteristic parameters of the transformers and thyristors are roughly estimated. The main parameters of the simulation model are consistent with those shown in Table 1 . The simulation results are shown in Fig. 5 . Simulation current is in agreement with the reference current. The current ripple is less than 3%.
Fig.5 Simulation results
The DRMP DC PS system has been tested with a maximum output current of 2 kA. The test results are shown in Fig. 6 . The test results show that the actual current has smoothly reversed when the current direction has changed, so the circulating current control method can meet experimental requirements. In the ramp-up phase of the current, because of the time delay of the firing circuit and the errors induced by integral control, the actual current lags the reference current. In order to make the actual current consistent with the reference current as much as possible, the reverse thyristors are fired in advance of the circulating current operation mode. Moreover, due to the effects of inductance, the unidirectional current exceeds the threshold value at the initial stage of the circulating current operation mode, the actual current is less than the reference current. But these factors do not affect the feasibility of the control method. 
Effect of circulating current in DRMP DC PS
In the anti-parallel and reversible rectifier circuits, the presence of the circulating current significantly increases the burden of thyristors and the power transformer, useless power is consumed; even when the circulating current is too large, the thyristor can break down. In the DRMP DC PS system, it is very important to estimate the maximum possible circulating current value to prevent over-current. The equivalent circuit of the DRMP DC PS is shown in Fig. 7 , where the internal resistances of the thyristor converter, the leakage inductances of the transformer and the resistances of reactors are ignored.
V d1 (t) and V d2 (t) are, respectively, the output voltage of the 6-pulse thyristor converters. The internal circulating current between two 6-pulse thyristor converters is i c (t) given by
Since the harmonic components in i c (t) are mainly 6-order harmonics, V d1 (t) and V d2 (t) can be computed as
5 cos 7α2−7 cos 5α2 5×7 cos 6ωt + 5 sin 7α2−7 sin 5α2 5×7 sin 6ωt .
(3) Z s is the total impedance of the circulation loop, which can be computed as, Fig.7 The equivalent circuit of the DRMP DC PS R e is the estimated resistance value of the circulation loop based on the length of the cables. V is the RMS value of the input line voltage, and ω is the angular frequency of the flywheel generator. I c0 is the mean circulating current, and i c6 (t) is the 6-order harmonic circulating current.
Eqs. (2)-(4) and (6) are substituted into Eqs. (1), then
where m = 5 cos(7α 1 ) − 7 cos(5α 1 ) + 5 cos(7α 2 ) − 7 cos(5α 2 ), n = 5 sin(7α 1 ) − 7 sin(5α 1 ) + 5 sin(7α 2 ) − 7 sin(5α 2 ). In the DRMP DC PS system, R e is 25.2 mΩ. V is 200 V, and ω is 502.4. L 1 , L 2 , L 3 and L 4 are 150 µH. In Fig. 5 , it is obvious that when the current of the forward thyristor converter is equal to the current of the reverse thyristor converter, the coil current is zero, and the circulating current in DRMP DC PS is up to the maximum value. At this monent, α 1 = α 2 = 87.3 o But in the DRMP DC PS system, due to the firing angle linearity error, the control algorithm error and the external disturbance, the output firing angle is slightly deviated from the firing angle calculated by the reference current. In Fig. 6 , since the DRMP DC PS system has a small delay in the ramp-up phase of negative current, when the circulating current is up to the maximum value I cm , β 1 isn't equatl to α 2 and α 1 = 87.3
• , α 2 = 86.5
• .
All the data are substituted into Eqs. (7) and (8) I cm is larger than the threshold value 900 A, because the estimated resistance value of circulation loop R e ignores the internal resistances of the thyristor converter, the resistances of reactors and contact resistances between cables and equipments. Also α 1 is greater than α 2 , the current of the forward thyristor converter is less than the current of the reverse thyristor converter, so the actual current is less than the reference current. Because I cm is close to the threshold value, the circulating current has little effect on the DRMP DC PS system.
Conclusions
The circulating current four-quadrant operation circuit analysis and control of the normal current of the DRMP DC PS system were presented for dynamic resonant magnetic perturbation coils on the J-TEXT tokamak. The results of the test and simulation of computation models are consistent. It should be noted that when the current polarity changed, no over-current phenomena were observed. Therefore, this new current control method is validated.
